Study Design: A retrospective cohort study at a single tertiary care center.
I
nstrumented lumbar fusion is an efficacious and durable treatment for numerous spinal pathologies including degenerative lumbar conditions. 1 However, over time, lumbar fusion may result in biomechanical alterations on unfused adjacent motion segments, leading to increased pain and worsening outcomes. 2, 3 Among the potential complications associated with lumbar fusion, radiographic adjacent segment degeneration (ASD) has incidence rates reported to range from 8% to as high as 100%, with symptomatic disease in 5.2%-18.5% of cases from studies with average follow-up between 36 and 396 months. [3] [4] [5] [6] [7] [8] Although it remains unclear whether this complication arises as a sequela of segmental fusion or natural degeneration, elucidating risk factors for ASD remains a priority in the spine community. 9 An area of significant interest has been the increasing evidence to support the notion that violation of the facet joint upon pedicle screw insertion can alter facet load-bearing capability and contribute to ASD. 4, 8, 10, 11 Facet joint violation (FJV) is a potential risk factor for ASD that can be controlled by the surgeon, unlike patient-associated risk factors (including age, 4, 5, 11 female sex, 4, 5 bone mineral density 4, 5 ) , and therefore can be avoided to theoretically minimize the incidence of ASD and symptomatic adjacent segment disease. 8, 12, 13 To date, there is inconclusive data to clarify the extent to which FJV truly accelerates radiographic ASD, if at all. 9 In the current study, we sought to illuminate the impact of superior segment FJV on reoperation rate and quality of life (QOL), representing the first study to analyze clinical outcomes following FJV. We hypothesized that FJV during lumbar fusion surgery would lead to greater reoperation rates and lower QOL scores compared with patients with preserved facet joints.
MATERIALS AND METHODS

Patient Selection
A retrospective review was performed on all patients who underwent lumbar fusion between 2009 and 2013 at a single institution. Postoperative computed tomography (CT) scans were used to evaluate facet joint integrity following lumbar fusion; therefore, only patients with postoperative CT imaging were included in the study. CT images were obtained after index lumbar fusion and before any revision or additional lumbar surgery. Per criteria established by Moshirfar et al, 12 a facet joint was considered violated if any of the following conditions were met: pedicle screw clearly within the facet joint, pedicle screw within 1 mm or abutting the facet joint, pedicle screw head/connector clearly in the facet joint, pedicle screw head/connector within 1 mm or abutting the facet joint, rod clearly in the facet joint, or rod within 1 mm or abutting the facet joint. All images were reviewed independently by 2 authors (J.M.L., A.T.H.). Axial CT images demonstrate a case of facet joint preservation ( Fig. 1 ) and a case of FJV (Fig. 2 ) according to our defined criteria. Patients with a history of lumbar surgery or trauma were excluded. In addition, we obtained preoperative patient demographics, operative indications, and characteristics of each patient's index surgery. Reoperation was defined as an additional lumbar fusion extending the index lumbar fusion rostrally, excluding those operations indicated for malignancy or trauma, and was measured up to 3-year follow-up.
QOL Data
Preoperative and postoperative QOL scores including the Pain Disability Questionnaire (PDQ), Patient Health Questionnaire-9 (PHQ-9), and EuroQOL 5 Dimensions (EQ-5D) index were acquired. Postoperatively, QOL data were collected from 1-and 2-year follow-up visits. The PDQ evaluates chronic disabling musculoskeletal and spinal disorders, focuses on disability and patients' ability to perform activities of daily living, and ranges from 0 (optimal function) to 150 (total disability). 14 The PHQ-9 questionnaire is a self-administered assessment for depression that evaluates the 9 Diagnostic and Statistical Manual, IV ed., criteria for major depressive disorder. Each of the 9 questions are scored from 0 (not at all) to 3 (nearly every day), making the total score range from 0 to 27. The total score can be categorized into 1 of 5 severity groups: minimal (score 0-4), mild (score 5-9), moderate (score [10] [11] [12] [13] [14] , moderate to severe (score [15] [16] [17] [18] [19] , and severe (score 20-27). [15] [16] [17] The EQ-5D reports on 5 dimensions of the health state, each scored from 1 to 3: mobility, self-care, usual activities, pain/discomfort, and anxiety/depression. The EQ-5D index was derived from the EQ-5D and is defined as a utility value in which perfect health is 1.0 and death is 0.0; anything between perfect health and death is assigned a utility value between 0.0 and 1.0. [18] [19] [20] [21] These data were prospectively collected using our institution's Knowledge Program, which captures patientreported, disease-specific health status measures prospectively. For all measures except the EQ-5D, a decrease in score represents improvement.
The minimum clinically important difference (MCID) values used for each health status measure were as follows: EQ-5D (0.15), PDQ (20) , and PHQ-9 (5). [22] [23] [24] [25] The MCID for EQ-5D was based on a study by Parker et al 22 on patients undergoing transforaminal lumbar interbody fusion for degenerative lumbar spondylolisthesis. The MCID for PDQ and PHQ-9 scores were based on a study by Wilson 26 that was not specific to spinal surgery, but instead examined general health outcomes of chronic pain patients. To date, no studies have yet determined MCIDs for PDQ scores and PHQ-9 scores following lumbar fusion.
Statistical Analyses
All data were analyzed with JMP 12.1.0 (2015; SAS Institute Inc., Cary, NC). The FJV and control groups were compared with the use of independent sample t tests for continuous variables, and the w 2 test for categorical variables. A multivariable logistic regression analysis was used to evaluate independent predictors of reoperation, as well as independent predictors of achieving a MCID in EQ-5D at 2-year follow-up. All P-values <0.05 were considered statistically significant.
RESULTS
A total of 1080 patients were identified as having a lumbar fusion between 2009 and 2013. Of these, 240 patients met inclusion and exclusion criteria. One hundred twelve patients were found to have FJV and were therefore included in the FJV group, and the remaining 128 patients were placed in the control group. There were no significant differences between the 2 groups in regards to preoperative demographics, number of levels fused, operative indications, or preoperative QOL scores (Table 1) .
One year following lumbar fusion, reoperation rates were similar in the FJV and control groups (4/112, 3.6% vs. 3/128, 2.3%, respectively; P = 0.573). At 2-year follow-up, the reoperation rate in the FJV group was significantly higher than in the control group (17/112, 15.2% vs. 8/128, 6.3%, respectively; P = 0.024) ( Table 2) . Furthermore, using a multivariable logistic regression analysis, FJV was found to be an independent predictor of reoperation with an adjusted odds ratio of 2.886 [95% confidence interval (CI), 1.146-7.265; P = 0.024) ( Table 3) . At 3-year follow-up, reoperation rate was 19.6% (22/112) in the FJV group compared with 9.4% (12/128) in the control group (P = 0.023). After adjusting for covariates in a multivariable logistic regression model, FJV was found to be an independent predictor of reoperation at 3-year follow-up, with an odds ratio of 2.528 (95% CI, 1.159-5.514; P = 0.020).
Similarly, no significant difference was observed between the 2 groups with regards to improvement in EQ-5D, PDQ or PHQ-9 scores at 1-year follow-up (Table 4) . However, at 2-year follow-up, the FJV group began to show diminished QOL outcomes (Table 5) . Specifically, patients in the FJV group were less likely to achieve a MCID improvement in EQ-5D compared with the control group. Although 45.3% (24/53) of the control group achieved MCID for EQ-5D at 2-year follow-up, only 26.0% (13/50) of the FJV group were observed to make a significant improvement (P = 0.041). As for PDQ, 39.1% (18/ 46) of the control group achieved MCID compared with only 29.8% of the FJV group; however, this difference failed to reach statistical significance (P = 0.343). No difference was observed in regards to improvement in PHQ-9, with approximately 30% of both groups achieving the MCID (P = 0.979).
Furthermore, in our multivariable logistic regression predicting the ability of patients to achieve an MCID in EQ-5D, FJV was the only significant predictor with an adjusted odds ratio of 0.421 (95% CI, 0.179-0.986; P = 0.046) ( Table 6 ). These findings suggest FJV during instrumented lumbar fusion may be associated with worse clinical outcomes measured 2 years postoperatively.
DISCUSSION
Lumbar fusion is an increasingly prevalent surgical procedure in the United States. 27 FJV occurs during instrumented lumbar fusion when pedicle screws are placed too medial, and becomes problematic when this is done at the superior-most, unfused level (eg, L4-5 facet violation during placement of the L5 pedicle screw for a L5-S1 fusion). Although such surgical error has been recognized increasingly as a contributor to postfusion instability and subsequent biomechanical ASD, there has been no study quantifying this error's impact on clinical outcomes until now. In 2008, Cardoso et al 10 performed an in vitro biomechanical study comparing adjacent level kinematic change following instrumented fusion between facet breached and facet preserved specimens. A significant increase in range of motion was observed in adjacent segments following bilateral facet breach. Although the clinical implications of FJV have been less well understood, our results support our hypothesis that FJV during pedicle screw fixation leads to worse outcomes following lumbar fusion.
Although no significant impact on reoperation or QOL was demonstrated at 1-year follow-up, the FJV group had significantly higher reoperation rates and demonstrably worse QOL outcomes measured at 2-year follow-up. At 2-year follow-up, the reoperation rate becomes substantially higher in the FJV group, climbing to 15.2% in this group compared with 6.3% reoperation rate in the control group (P = 0.024). Using a multivariable logistic regression analysis to discover predictors of reoperation among our patient population, FJV prevailed as the only independent risk factor for reoperation at both 2-and 3-year follow-up. Also, significantly fewer patients with FJV achieved an MCID improvement in EQ-5D index-a self-reported, validated measure of overall health state-2 years postoperatively. This association persisted in our multivariable logistic regression analysis predicting achievement of a MCID in EQ-5D. These findings provide further support that FJV may be a precipitating factor for poor lumbar fusion outcomes.
This temporal relationship between FJV and poor outcomes occurring only at 2-and 3-year follow-up is consistent with the belief that radiographic and symptomatic ASD develop over the course of multiple years, perhaps accelerated by such iatrogenic FJV. In a retrospective study of 65 patients, Aota et al 4 found that it took, on average, 25 months from the time of transpedicular fixation to diagnose radiographic instability. Furthermore, in a retrospective study of 125 patients, Etebar and Cahill 5 observed an average of 26.8 months until symptomatic adjacent segment disease was diagnosed. As FJV is theorized to increase adjacent segment instability and ASD, one would not expect to see a significant impact on reoperation or QOL metrics 1 year postoperatively-as was observed in our study.
In a retrospective study of 28,882 patients, Martin et al 28 observed a cumulative incidence of reoperation following lumbar fusion surgery of 10% 2 years postoperatively. Similarly, in the current study we observed an 11% cumulative incidence of reoperation 2 years postoperatively. Importantly, when the facet joint is not violated, the reoperation rate at 2 years (6.3%) is much lower than what has been presented in the literature for lumbar fusion overall (10%). This could suggest a larger role of FJV in the progression of adjacent segment disease than previously appreciated.
Although cadaveric studies have demonstrated increased adjacent segment motion following FJV, 10 herein we present the first clinical evidence highlighting the potential morbidity associated with FJV at the superior-most fusion level. On the basis of this increased risk of reoperation following FJV, utilizing techniques to preserve the superior segment facet joints is emphasized when placing pedicle screws. A more inferolateral entry point with a more superomedial screw trajectory has been suggested previously. 9, 29 In a prospective study including 210 patients, He et al 9 examined the likelihood of radiographic and symptomatic ASD following posterolateral fusion using 2 different pedicle screw techniques (Du method and Magerl method). Du method takes a more medial approach, resulting in each screw being placed closer to the facet joint, whereas Magerl method takes a more lateral approach, thus distancing each screw from the superior level facet joint. He and colleagues found that Du method led to a significantly higher likelihood of patients developing ASD over a 9-year follow-up period, with the screw's proximity to the facet joints being the hypothesized reason for the difference in outcomes. Anatomic techniques as described above can also be supplemented with 3D CT intraoperative navigation, which has been shown to potentially reduce FJV rates in the lumbar spine. 30 Our study results must be understood in light of several limitations. First, the number of patients found to have superior segment FJV in our study population was higher than reported in previously published studies. 12, 13, 29, 31 The observation of the rate of FJV, as well as the rate of reoperation, are likely biased by the nature of the inclusion criteria. Our cohort represents all patients who underwent primary lumbar fusion that subsequently underwent CT scan. Many are likely to have a CT scan for postoperative pain or failure to improve postsurgery. This bias may (1) present as an inflated rate of reoperation and FJV; (2) negatively impact the QOL improvements observed in the control group. This selection bias likely affects our prevalence data, but we feel it does not permeate the comparison between groups, given that both the study and control groups would have been equally affected in this way. In addition, our definition of FJV was more inclusive than other previously published studies, thus likely leading to higher observed rates of FJV. 13, 29, 31 Furthermore, this study represents a real-world view of patients operated on by 10 spine surgeons at a teaching institution. Additional possible factors contributing to this high rate of FJV observed include improper technique and factors known to introduce variability into screw insertion (ie, body habitus, morphologic variability). However, it is incumbent on the surgeon to recognize these factors and alter approach to ensure proper insertion technique.
Second, 2-year QOL data were obtainable for only 103/240 patients included in this study. Despite this limitation, a statistically significant difference was still observed due to the strong association between FJV and diminished EQ-5D in our population.
Third, as with any retrospective study, selection and measurement biases may be present as discussed above. As this study was conducted at a single tertiary care institution, the external validity may be limited to institutions with comparable patient populations and demographics. Even with these limitations, this study represents the first analysis of FJV's impact on QOL and reoperation rates, supporting an increased effort to preserve superior level facet joints during pedicle screw fixation. Future prospective studies will aim to look at longer-term patient outcomes data in patients with and without FJV. EQ-5D indicates EuroQOL 5 dimensions; FJV, facet joint violation; MCID, minimum clinically important difference; PDQ, Pain Disability Questionnaire; PHQ-9, Patient Health Questionnaire-9; n, postoperative À preoperative score.
*P-values <0.05 were considered statistically significant.
In conclusion, this study represents the first quantification of the impact of FJV on reoperation rate and postoperative QOL following instrumented lumbar fusion. We found that patients who have had their superior segment facet joint compromised during screw fixation have significantly higher rates of reoperation at 2-and 3-year follow-up, as compared with a control population. These patients also had significantly worse QOL improvements with regards to EQ-5D index. These findings highlight the importance of proper starting points for pedicle screw placement and support technology such as intraoperative CT if this method does indeed reduce the risk of FJV. Future studies should be undertaken to determine the actual financial burden of FJV as well as an evaluation of the postoperative radiographic instability of these 2 differing cohorts. 
